The buffer layer 2 is provided for alleviating the lattice mismatch betWeen the sapphire substrate 1 and the layers 3 through 7 formed of the gallium nitride compound semiconductors, especially, the n-type contact layer 3, and for improving the crystallinity of the layers 3 through 7 formed of the gallium nitride compound semiconductors.
The n-type contact layer 3 usually has a thickness of about 2 pm or more in order to further improve the crystallinity of the layers 3 through 7.
In order to suf?ciently con?ne light generated in the active layer 5, the Al ratio (the ratio of Al to the other elements in The conventional gallium nitride compound semiconduc tor light emitting device has the folloWing problems.
(1) AlZGa1_ZN (0<Z § 1) has a hardness higher than that of A1203 or GaN, and this relationship tends to increase as the Al ratio is increased. Consequently, When the n-type clad layer 4 or the p-type clad layer 6 formed of AlZGa1_ZN having a thickness less than that of the sapphire substrate 1 is provided above the sapphire substrate 1, dislocations or cracks are generated in the n-type clad layer 4 or the p-type clad layer 6 in a concentrated manner by the lattice mis match betWeen the sapphire substrate 1 and the n-type clad layer 4 or the p-type clad layer 6. The generation of these dislocations or cracks becomes more signi?cant as the Al ratio is increased. When the n-type clad layer 4 is provided on the n-type contact layer 3, a larger thickness or a higher Al ratio of the n-type clad layer 4 is likely to generate dislocations or cracks in the n-type clad layer 4. The reason for this is that AlZGa1_ZN has a lattice constant less than that of GaN and this relationship tends to increase as the Al ratio is increased.
The dislocations or cracks generated in the n-type clad layer A semiconductor device according to the present inven tion includes a substrate formed of AlxGa1_xN (0<X<1) and a ?rst semiconductor layer provided on the substrate and formed of a III-group nitride semiconductor containing Al.
The difference betWeen an Al ratio of the substrate and an Al ratio of the ?rst semiconductor layer is less than about 0.15.
In one embodiment of the invention, the semiconductor device further includes an active layer provided on the ?rst semiconductor layer and formed of a III-group nitride semi conductor having a forbidden band smaller than a forbidden band of the ?rst semiconductor layer; and a second semi conductor layer provided on the active layer and formed of a III-group nitride semiconductor containing Al and having a different conductivity type from a conductivity type of the ?rst semiconductor layer.
In one embodiment of the invention, the difference betWeen the Al ratio of the substrate and an Al ratio of the second semiconductor layer is less than about 0.15, and the difference betWeen the Al ratio of the ?rst semiconductor layer and the Al ratio of the second semiconductor layer is less than about 0.15.
In one embodiment of the invention, the substrate has a thickness of about 20 pm or more. Thus, the invention described herein makes possible the advantages of providing a gallium nitride compound semi conductor light emitting device having a satisfactorily loW threshold current While sufficiently con?ning light in an active layer Without generating cracks. 
DESCRIPTION OF THE PREFERRED EMBODIMENTS
Hereinafter, the present invention Will be described by The n-type clad layer 11 and the p-type clad layer 13 also act as optical Waveguide layers.
The n-type clad layer 11 contains silicon and has a carrier density of 5><1018cm_3. The p-type clad layer 13 and the p-type contact layer 14 each contain magnesium and have a carrier density of 1><1018cm_3'
The n-type ohmic electrode 15 includes a titanium layer (thickness: about 10 nm; not shoWn) provided on the surface of the substrate 10 and an aluminum layer (thickness: about 0.3 pm; not shoWn) provided on the titanium layer. The p-type ohmic electrode 16 includes a nickel layer (thickness: Since the substrate 10 is formed of n-type AlO_1GaO_9N, the differences in the lattice constant and in the thermal eXpan sion coefficient betWeen the substrate 10 and the n-type clad layer 11 and betWeen the substrate 10 and the p-type clad layer 13 are less than those of the conventional device including a sapphire or GaN substrate. Since the substrate 10 has a hardness Which is suf?ciently large so as to generate dislocations in the substrate 10, the gallium nitride com pound semiconductor light emitting device 100 has a sig ni?cantly loWer dislocation density and therefore, a signi? cantly smaller number of cracks generated as compared With the conventional device. The difference in the Al ratio betWeen the substrate 10 and the ?rst semiconductor layer 11 is preferably as small as possible in order to prevent cracks. The difference is pref erably less than about 0.15, and more preferably 0.05 or less. In this example, the difference in the Al ratio betWeen the substrate 10 formed of n-type Al0_1GaO_85N and the n-type clad layer 11 formed of n-type AlO_15Ga0_85N is 0.05.
Since the difference in the Al ratio betWeen the substrate 10 and the n-type clad layer 11 is 0.05 and the difference in the Al ratio betWeen the substrate 10 and the p-type clad layer 13 is also 0.05, the thickness of each of the n-type clad layer 11 and the p-type clad layer 13 can be about 1.5 pm or more. As a result, light can be suf?ciently con?ned Within the active layer 12, Which provides the gallium nitride compound semiconductor light emitting device 100 With characteristics superior to those of the conventional device.
It is preferable that the Al ratio of the substrate 10 is higher than the Al ratio of the n-type clad layer 11; i.e., y<X, Where the substrate 10 is formed of n-type AlxGa1_yN and the n-type clad layer 11 is formed of n-type AlyGa1_yN.
Where the lattice constant of the substrate 10 is as and the lattice constant of the n-type clad layer 11 is al, aS<a1. Since the lattice constant of the n-type clad layer 11 is larger than that of the substrate 10, a compression strain is applied to the n-type clad layer 11. The n-type clad layer 11 provided With the compression strain is less likely to cause cracks to be generated therein than an n-type clad layer provided With a tensile strain.
The gallium nitride compound semiconductor light emit ting device 100 is fabricated in, for eXample, the folloWing manner.
AlO_1Ga0_9N
With silicon added thereto is crystal-groWn on a sapphire plate to a thickness of about 100 pm by hydride vapor phase epitaxial (HVPE), and then the sapphire plate is removed, thus forming the n-type AlO_1GaO_9N substrate 10.
Next, the n-type AlO_1GaO_9N substrate 10 is put into an MOCVD oven and is heated to 1000° C. in a mixed gas atmosphere of ammonia and hydrogen at a total atmosphere of 1 atm. Then, trimethyl aluminum (TMA), trimethyl gallium (TMG) and silane (SiH4) are supplied to the inside of the oven, thus crystal-groWing the n-type clad layer 11.
Then, the supply of TMA, TMG and SiH4 is stopped, and the temperature of the substrate 10 is loWered to 800° C. TMG and trimethyl indium (TMI) are supplied to the inside of the oven, thus forming the active layer 12 having a multiple quantum Well structure including ten InO_15GaO_85N Well layers (thickness: 3 nm each; not shoWn) and ten InO_O5GaO_95N barrier layers (thickness: 5 nm each; not shoWn) Which are alternately layered.
The supply of TMG and TMI is stopped, and the tem perature of the substrate 10 is raised to 1000° C. Then, TMA, TMG and cyclopentanedienyl magnesium (CpZMg) are sup plied to the inside of the oven, thus forming the p-type clad layer 13.
The supply of TMA is stopped, and the p-type contact layer 14 is formed. The resultant layer assembly is then taken out of the oven.
Then, the p-type clad layer 13 and the p-type contact layer 14 are dry-etched to form the ridge having a Width W of about 2 pm Which contains a part of the p-type clad layer 13 and the entirety of p-type contact layer 14. The n-type ohmic electrode 15 is formed on a surface of the substrate 10 opposite to the surface on Which the n-type clad layer 11 is formed, and the p-type ohmic electrode 16 is formed on the p-type contact layer 14.
Next, the substrate 10 is cleaved to form a cavity having a length of about 1000 pm in a direction perpendicular to the longitudinal direction of the ridge. The end surfaces of the cavity are coated With a high re?ectivity ?lm including an SiO2 layer and a TiO2 layer.
Hereinafter, characteristics of the gallium nitride com pound semiconductor light emitting device 100 Will be and s is smaller, the AlSGa1_SN layer can be crystal-groWn to a greater thickness Without crack generation. When t=0, i.e., When the substrate 10 is formed of GaN, the maximum thickness of the AlO_15Ga0_85N layer Which can be crystal groWn Without crack generation is 0.5 pm. When the sub strate 10 is formed of Al0_1GaO_9N, the maximum thickness of the AlO_15Ga0_85N layer Which can be crystal-groWn Without crack generation is 3 pm. It is considered that this occurs since as the difference betWeen t and s is smaller, the differences in the lattice constant and in the thermal expan sion coef?cient betWeen the AltGa1_,N substrate and the AlSGa1_SN layer are less; and as a result, the AlSGa1_SN layer is less likely to cause cracks to be generated therein. In FIG. 2 
(Experiment 2)
On each of a GaN substrate and an AlO_1Ga0_9N substrate (thickness: 100 pm each), an AlO_15GaO_85N layer Was formed. The AlO_15Ga0_85N layer on the GaN substrate caused cracks to be generated therein and had a dislocation density of 109cm_2. The AlO_15Ga0_85N layer on the AlO_1Ga0_9N substrate did not cause cracks to be generated therein and had a dislocation density of 106cm_2. This is considered to occur for the folloWing reason in addition to the differences in the lattice constant and in the thermal expansion coefficient betWeen the substrate and the AlO_15Ga0_85N layer: the AlO_1Ga0_9N substrate has a hard ness greater than that of the GaN substrate and thus causes dislocations to be generated therein, and as a result, the AlO_15Ga0_85N layer is less likely to cause dislocations to be generated therein.
As can be appreciated from the experiment results described above, the gallium nitride compound semiconduc tor light emitting device 100 according to the present invention has characteristics superior to those in the con ventional device presumably for the folloWing reasons: The n-type clad layer 11 and the p-type clad layer 13 provided on and above the n-type AlO_1GaO_9N substrate 10 are alloWed to have a thickness of as great as about 1.0 pm and thus have a loWer dislocation density and include less cracks than those in the conventional device. As a result, the light emitting ef?ciency is improved, and the light can be effec tively con?ned in the active layer 12.
(Experiment 3)
As the thickness of the AlO_4Ga0_9N substrate is less, the dislocation density of the gallium nitride compound semi conductor light emitting device is less. Speci?cally, When the thickness of the substrate is 40 pm, the dislocation density of the device is 105cm_2. This is considered to occur because When the thickness of the substrate is suf?ciently small so as to cause dislocations to be generated therein, the dislocations are unlikely to be generated in the n-type clad layer and other layers provided on the substrate. In the above-described example, the n-type clad layer 11 and the p-type clad layer 13 can have differentAl ratios from each other.
The above description is made With regard to the gallium nitride compound semiconductor light emitting device as an eXample. The present invention is applicable to any semi conductor device including a AlxGa1_xN (0<X<1) substrate and a ?rst semiconductor layer provided on the substrate and formed of a III-group nitride semiconductor layer containing Al. As described above, according to the present invention, the difference in the Al ratio betWeen an AlxGa1_xN (0<X<1) substrate and a ?rst semiconductor layer formed of a III group nitride semiconductor containing Al is less than about 0.15 . Due to such a ratio, the differences in the lattice constant and in the thermal expansion coefficient of the substrate and the ?rst semiconductor layer can be suf? ciently reduced. The AlxGa1_xN substrate has a hardness sufficiently high so as to cause dislocations or cracks to be generated therein.
An active layer formed of a III-group nitride semicon ductor having a forbidden band smaller than a forbidden band of the ?rst semiconductor layer, can be provided on the ?rst semiconductor layer: and a second semiconductor layer formed of a III-group nitride semiconductor containing Al and having a different conductivity type from a conductivity type of the ?rst semiconductor layer, can be provided on the active layer. In such an embodiment, the light is suf?ciently con?ned in the active layer While generation of cracks is suppressed.
The difference in the Al ratio betWeen the substrate and the ?rst semiconductor layer, betWeen the ?rst semiconduc tor layer and the second semiconductor layer, and betWeen the substrate and the second semiconductor layer can all be less than about 0.15. In such an embodiment, the generation of cracks is signi?cantly suppressed as compared to the conventional device. This alloWs the thickness of each of the ?rst semiconductor layer and the second semiconductor layer to be increased to about 0.5 pm or more. When the differences in the Al ratio betWeen the substrate and the ?rst semiconductor layer, betWeen the substrate and the second semiconductor layer, and betWeen the ?rst semiconductor layer and the second semiconductor layer are each about As a result, the light can be suf?ciently con?ned in the active layer so as to improve the characteristics of the semicon ductor device.
In an embodiment in Which the substrate has a thickness of about 20 pm or more, the production yield in?uenced by the cracks in the substrate is prevented from being loWered.
Various other modi?cations Will be apparent to and can be readily made by those skilled in the art Without departing from the scope and spirit of this invention. Accordingly, it is not intended that the scope of the claims appended hereto be limited to the description as set forth herein, but rather that the claims be broadly construed. 
